We present an approach to Service Provisioning with Quality of Service (QoS) requirements in ATM networks. The ATM network provides a set of services. Each service is characterized by its one way route, its resources (bandwidth and buffers) along the route, its input traffic constraints, and its provided QoS defined by the maximum percentage of cell loss and the maximum end-to-end cell delay. The network sets prices for its resources and users respond by requesting a resource allocation that guarantees their QoS requirements and maximizes a social welfare function consisting of the network's revenue and the users' surplus. Network adjusts the prices to maximize the welfare function and also to guarantee that the allocated resources do not exceed the available resources. Based on these prices, users request a new allocation and the network adjusts again the prices based on the new allocation. The above procedure is iterative and is shown to converge to an optimal resource allocation that maximizes the welfare function and satisfies the QoS requirements for the offered services, without exceeding the available resources. The Service Provisioning procedure has the following features: (i) the network needs to know only the average request rate for each type of service, their route and the resources requested by the users; (ii) users need to know only their private information (input traffic constraints and QoS requirements), their route, and the prices for resources announced by the network.
Introduction
Asynchronous transfer mode (ATM) technology is widely regarded as the switching and mutliplexing technique for broadband integrated services digital networks (B-ISDN). The development of these networks is driven by the emerging needs to provide real-time transport capabilities necessary for future multimedia 0-7803-3970-8197 $10.00 0 1997 IEEE 4568 applications incorporating voice, video and high speed data.
In this study we are concerned with the problem of allocating resources (buffers and bandwidths) in ATM networks so that the services provided by the network meet certain quality requirements expressed by maximum percentage of cell loss and maximum end-to-end cell delay. Resource reservation has been proposed to be the preferred approach to guarrantee quality of service (QoS) in high speed applications. Most of the proposed resource reservation schemes and their performance analysis so far are restricted to a single node (see for example [1]- [13] ). Exceptions are [14]- [18] , which analyze resource reservation schemes along fixed paths consisting of multiple nodes. The work reported in [14] - [17] is based on deterministic models whereas the study in [18] is based on a stochastic model.
Our approach to developing a methodology to service provisioning with QoS requirements in ATM networks builds on the method proposed by Low and Varaiya 119, 20, 211. They model ATM networks which offer several types of services differentiated by user traffic characteristics and quality parameters. The network offers for rent bandwidth and buffers and users purchase these resources to meet their desired quality. The objective is to maximize a welfare function subject to constraints that are dictated by: (i) the available resources; (ii) the requirement that no cell loss is allowed during the data transfer; and (iii) the maximum endto-end delay (see [20] ).
Our major contribution in this paper is the incorporation, in the resource allocation process, of the QoS requirements expressed by the maximum percentage of cell loss L, and the maximum end-to-end cell delay D, for each type of service s. The incorporation of the QoS requirements in the service provisioning process is achieved by taking a worst case approach to the percentage of cell loss and the end-to-end cell delay. This approach reveals the interaction among resource allocation, percentage of cell loss and end-to-end cell delay. Service provisioning is achieved by a mechanism similar to the one described in [20] ; the network offers for rent its resources (bandwidth and buffers) and the users purchase them to meet their QoS requirements described above. Our analysis of quality of service can also be used to address the admission control problem in ATM networks as follows: When the network receives a request for the admission of a certain type of service, it inspects its available resources (bandwidth and buffers) and attempts to establish a route (connection) from the source to the destination of the service request, so that there are sufficient available resources along that route to satisfy the quality of service requirements on percentage of cell losses and end-to-end cell delay. If the network can identify such a route it accepts the service request, otherwise it rejects it.
The remainder of the paper is organized as follows: In Section 2 we formulate the service provisioning with QoS requirements problem as? mathematical program that has to be solved every T units of time. In Section 3 we summarize our results on QoS requirements, expressed by the maximum percentage of cell loss and maximumend-to-end cell delay. In Section 4 we present a solution procedure for the optimization problem of Section 2. In Section 5 we summarize the results, delineate their practical implications and discuss some open problems arising from our approach.
Problem Formulation
We consider the network model of way connection between two end-points over a route for a certain duration of time. A route between its endpoints spans several nodes and links. A connection is used to transport a data stream or message from one end-point to the other. The bandwidth and buffers, allocated to a connection can vary over the links in its route. Whenever the rnessage rate at a node exceeds the allocated bandwidth, the excess cells are buffered and if the buffer is full they are lost.
When a service request is made, the network must decide (1) whether to admit that request; and if it is admitted, the network (2) must assign a connection to it, and (3) provide enough bandwidth and buffer resources to meet service quality. Decision (1) is usually called admission control, (2) is called routing, and (3) is called resource allocation or service provisioning.
We make the following assumptions: where, The first two inequalities (4), (5) state that the supply should not be greater than the demand and also that the number of offered services and their corresponding prices should not be negative quantities. The next family of inequalities (6) states that the allocation should not exceed the available resources. Finally (7) guarantees that the offered services satisfy the quality requirements.
Based on the above assumptions and discussion we now propose the following two-step approach to formulating the service provisioning problem.
Step 1: Find a family of functions .?,(p, P) and 5,(p,p), Vs E S such that, Cm(P,P) I .Ec^J(P,P) 7 (8) n 7 a ( P , PI I 5 s ( P , P ) , (9) for all m ( . ) E M,{&, b , ( . ) } and for all s E S.
Step 2: Solve the following optimization problem:
Maximize the welfare function, subject to conditions (4)-(6) and (11) which is given below:
.c^s(p,P) I L, and 5 s ( P , P ) 5 Ds, vs E s (11)
The first term on the right hand side of (10) is the network revenue and the second is the user surplus [23].
If condition (11) is satisfied then, according to (8) and (9) , the inequalities in (7) are also satisfied and therefore the service allocation decision, resulting from the solution of step 2, is conformant. It is also optimum under assumptions (Al)-(All) because it maximizes (10). 
The Optimization Problem
Define the set N of all service allocation decisions:
A ( z , * , P , P ) = {zs, ws, { P : , P~}~E~. }~E S The values A:,A; cart be interpreted as the rent, for one unit of bandwidth and buffer, respectively, in link 1 E L. In the game described in Theorem 4.1 the Network initially announces the prices A: , A: and each type of user requests bandwidth and buffers along its route based on (18). Based on the user's requests the network readjusts its prices according to (17). This process is repeated until a welfare maximizing solution is achieved. The tat6nment leading to the welfare maximizing solution is informationally decentralized in nature. Each user's request is made without any knowledge of other users and service requests present in the network. On the other hand, the network operator has no knowledge of the number of users that are going to request service or the types of service requests. of resources required at each link of a fixed route can be done locally at the corresponding node. In our problem nodes along a specific route for a specific service cannot make independent allocation decisions. This difference arises because the quality of service requirements included in our problem formulation couple the decisions (allocations) made in different nodes along a route of a specific service. The coupling among allocations at individual links of a fixed route is a result of the interaction between resource allocation, percentage of cell loss and end-to-end cell delay. This interaction is explicitly described by the constraints on percentage of losses and delays given by (15) and (16) for all routes.
We conclude the paper by discussing the characteristics of the Service Provisioning procedure.
Conclusions -Reflections
We have presented an approach to Service Provisioning with Quality of Service Requirements in ATM Networks.
The main contribution of the paper is the incorporation of quality of service requirements into the service provisioning approach originally proposed in [20] . Our approach to analyzing quality of service in ATM networks is intuitively appealing as it captures the interaction among resource allocation, percentage of cell loss, and end-to-end cell delays along the fixed routes that provide the connection for the different types of services.
The results of our analysis of quality of service can also be used to address the admission control problem in ATM networks as follows: When the network receives a request for the admission of a certain type of service s (s E S), it checks its available resources, and attempts to identify a route along which there is an allocation of available bandwidth and available buffers that satisfies the requirements on percentage of losses and delay. The requirements are expressed by ( l l ) , where the lefthand-sides of the inequalities are given by expressions (15) and (16), respectively. If such an allocation exists, the network admits the service request, otherwise it rejects it.
The main features of our approach are:
(1) The network model is deterministic. A fluid approximation is used to describe the flow of messages that travel through the network. Input messages are categorized into different types of services according to their maximum input rate, the upper bound on their burstiness curve, and their Quality of Service requirements expressed by the maximum percentage of cell loss, maxi-mum end-to-end cell delay, and maximum jitter.
(2) There is no sharing of resources (bandwidth and buffers) at each ATM switch among the different types of services that pass through the switch. The implications of this feature of our approach are: (i) the behavior of one type of service does not affect the quality of service of other types of services that share the same nodes; and (ii) jitter is zero.
(3) A first-in-first-out scheduling strategy is used at each ATM switch for cells that belong to the same type of service.
(4) Service provisioning is achieved through a (convergent) iterative pricing scheme, where at each step of the iteration the network sets prices for its resources and users respond by requesting a resource allocation along their entire route that satisfies their quality of service requirements (and minimizes the cost of their service) (cf. Section 4).
(5) To incorporate quality of service requirements into service provisioning we take a worst case approach. For a fixed resource allocation (bandwidth and buffers) along the route of a service we derive expressions for the maximum percentage of loss and the maximum end-to-end cell delay for that service. We require that the maximum percentage of loss and the maximum end-to-end cell delay remain below certain limits.
(6) Centralization of information is not required by our approach. The network needs to know only the average request rate of each type of service, the route of each service, the resources requested by the users, and the time each admitted service terminates. The users need to know only their input traffic constraints, their quality of service requirements, and the prices the network announces for its resources.
(7) Contrary to the situation in [20] the determination of resources required at each link of a fixed service route has to be made jointly by all the nodes along the route. This coupling among the nodes of a fixed route, corresponding to a certain type of service, arises because of the quality of service requirements (for that service) that are included in the formulation of the service provisioning problem. Important open problems, some of which will be addressed in future work, are: (i)'the investigation of resource sharing among services and service scheduling at each ATM switch (cf. discussion of Section 2); (ii) the incorporation of routing as an optimization component into the overall service provisioning approach; and (iii) the comparison of the approach developed here with service provisioning approaches using stochastic network models.
